ABSTRACT The membrane penicillinase (penicillin amido-f-lactamhydrolase, EC 3.5.2.6) from Bacillus licheniformis, the Semliki Forest virus spike proteins, and the Sendai virus glycoproteins have each been isolated as soluble protein aggregates that are virtually free of lipid and detergent. The sedimentation coefficients of the complexes were 18 S, 29 S, and 43 S, respectively. Mixed aggregates containing both the virus glycoproteins and the penicillinase could also be formed. Such protein micelles may serve a number of useful purposes in membrane research.
Membrane proteins that extend into the apolar phase of the lipid bilayer can usually be solubilized by mild detergents without losing their function (1, 2) . The protein-detergent complexes can be isolated and characterized, but the presence of detergent imposes severe limitations on further studies. These complexes cannot be used in studies involving living cells or biological membranes since the detergent will lyse the cells and solubilize the membrane. If the detergent is removed, the complexes usually precipitate, and this renders the proteins useless for most purposes. Some amphiphilic proteins have been found to associate with each other in the absence of detergents to yield soluble aggregates, but these are exceptions (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . It would be important to find a general way to make water-soluble membrane protein aggregates. In this paper we have studied the formation of such complexes using three amphiphilic membrane proteins: the surface glycoproteins of Semliki Forest virus and Sendai virus and the membrane penicillinase (penicillin amido-,B-lactamhydrolase, EC 3.5.2.6) from Bacillus licheniformis. When the detergent is removed from these proteins by sucrose gradient centrifugation they form aggregates that are homogeneous in size, soluble in aqueous media, and free of lipid. Procedures (13) .
Virus Preparations. Semliki Forest virus was produced, isolated, and labeled as described (14) . Sendai virus from embryonated eggs was purified as described (15 (9) . To virus containing up to 1.5 mg of protein, Triton X-100 (4 times the weight of protein) was added. This mixture was layered onto a density gradient containing a zone of 0.3 ml of 1% Triton X-100 in 15% sucrose followed by 12 Other Methods. Polyacrylamide gel electrophoresis in sodium dodecyl sulfate (NaDodSO4) was carried out as described (9) . The sedimentation coefficients of the proteins were determined according to Martin and Ames (17) . As (Pharmacia) . Triton X-100 was assayed by radioactivity using 3H-labeled Triton X-100 as described (9) .
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Proc. Natl. Acad. Sci. USA 75 (1978) 5307 RESULTS The membrane penicillinase of B. licheniformis (apparent Mr 31,000) is an amphiphilic membrane enzyme (19) with an amino-terminal hydrophobic peptide attaching it to the membrane (13) . The membrane enzyme can be purified in the presence of Triton X-100 as an active, monomeric, and lipidfree form that has a sedimentation coefficient of 2.1 S and contains about 100 molecules of the detergent bound to the hydrophobic segment. The hydrophilic domain (Mr 29,500), possessing the enzyme activity, can be isolated after trypsin digestion of the membrane penicillinase (20) . The 29,500 Mr fragment is soluble as a monomer in aqueous solutions in the absence of detergent.
When the detergent-solubilized enzyme was sedimented into a detergent-free sucrose gradient, protein complexes were formed which were recovered after 30 hr of centrifugation at 195,000 X g as a peak in the middle of the gradient (Fig. 1 ). The complexes obtained had a sedimentation coefficient of 18 S, and a Stokes radius of 82 A. They contained less than 1% Triton X-100 by weight. From the sedimentation coefficient, the Stokes radius, and the partial specific volume calculated on the basis of the amino acid composition, a Mr of 6.5 X 105 was obtained (see ref. 9 ). Electron microscopy after negative staining showed smooth particles with circular cross section and diameters in the range of 16-20 nm (Fig. 2c) .
The spike glycoproteins from Semliki Forest virus have a three-chain structure containing one chain each of El (apparent Mr 49,000), E2 (Mr 52,000), and E3 (Mr 10,000) (21, 22) . This glycoprotein spike monomer is attached to the membrane by a segment spanning the bilayer (23, 24) . Triton X-100 solubilizes the spike proteins from the virus as a monomer with a sedimentation coefficient of 4.5 S (25). When Semliki Forest virus was solubilized with Triton X-100 and centrifuged at 195,000 X g for 24 hr at 20'C through the detergent-free sucrose gradient, the nucleocapsid sedimented into the pellet and the spike proteins formed complexes containing eight spikes that were virtually free of lipid and detergent (9) . These have a Mr of 9.4 X 105 and a sedimentation coefficient of 29 S (9). The 29S complexes were irregularly shaped, with small spikes projecting from the periphery (Fig. 2a) . The average diameter was 21 + 2 nm. The 29S complexes remained intact if they were centrifuged again in sucrose gradients containing 0.1% Triton X-100 or 10 mM deoxycholate (not shown). The membrane spike glycoproteins of Sendai virus contain three glycosylated polypeptides, HN, F1, and F2, with apparent Mr of 69,000, 51,000, and 15,000, respectively (15, 26) . The subunit structure of the spikes is not known (12) . When Sendai virus was solubilized with Triton X-100 and centrifuged into a detergent-free sucrose gradient, a complex of the virus spike glycoproteins was formed (Fig. 3) . The nucleocapsids and the M protein were found at the bottom of the gradient (Fig. 4) large spikes attached to a central core (Fig. 2e) . The overall diameter was about 32 ± 2 mm. If hydrophobic interactions provide the principal driving force for the formation of the membrane protein complexes, it should be possible to produce mixed aggregates between different membrane proteins. We tested this by centrifuging penicillinase with either Semliki Forest virus or Sendai virus in the same gradient. The membrane penicillinase was layered onto a detergent-free sucrose gradient (Fig. 5 inset) . On top of this zone, two zones were layered: one containing 1% Triton X-100 and another with the virus solubilized with Triton X-100. This arrangement was necessary to allow the faster sedimenting virus spike proteins to arrive at the same time as the more slowly sedimenting penicillinase into the detergent-free part of the gradient. Under these conditions, some membrane penicillinase cosedimented with either Semliki Forest virus or with Sendai virus glycoproteins. Most of the penicillinase was found at the top of the gradient. The nucleocapsids of the viruses were in the pellet. If 35S-labeled membrane penicillinase and 3H-labeled Semliki Forest virus were applied to the gradient (Fig. 5 ) in a protein ratio of 1:1 (wt/wt), the peak fractions 17-19 ( Fig. 5 ) contained 21% penicillinase and 79% Semliki Forest virus spike protein.
If the ratio was 4:1, the peak fractions contained 43% penicillinase and 57% virus protein.
If the virus and the penicillinase were mixed together in Triton X-100 and applied to the gradient, no mixed complexes were formed. To prove that the complexes contained both protein species, we used centrifugation in sucrose density gradients (5-20%) , electron microscopy, and antibody precipitation. In sucrose gradients the 3H and a5S labels cosedimented (Fig. 6A) . The sedimentation coefficient depended on the relative amounts of the two proteins. It varied between that of the pure 29S and 18S complexes. The morphology of the complexes depended on which protein was predominant. Semliki Forest virus spikes could be seen projecting from typical smooth-surfaced penicillinase complexes (Fig. 2b) (Fig. 6B) . NaDodSO4 gel electrophoresis showed that the fractions contained penicillinase and Sendai virus spike proteins (not shown). That the penicillinase and the Sendai virus glycoproteins were associated was seen in electron micrographs (Fig. 2d) 
